Quasicrystal / Low-energy electron diffraction / Surface structure Abstract. The analysis of low-energy electron diffraction (LEED) intensities from quasicrystal surfaces requires the use of periodic model structures that contain the same structure features as the quasicrystal. In this paper, we present the analysis of LEED data from 10-fold decagonal Al--Co--Ni using the W approximant structure as the model. A preference was found for an Al-rich termination of the surface, with very little relaxation of the surface planes relative to the bulk structure. This result is similar to the results of an ab inito calculation of a similar surface structure [1] . The results are compared from earlier analyses of the same data using different structure models [2] .
Introduction
The determination of quasicrystal structures using diffraction techniques is a challenge because of their lack of periodicity. Nevertheless, diffraction is still the most precise method for deriving the microscopic structures of these complex materials. The analysis of both bulk and surface diffraction data relies on the use of model structures. Because quasicrystals are aperiodic and the models are finite, the models necessarily describe an average structure even for a perfect quasicrystal. However, quasicrystalline approximants can represent viable structure models for the local order in quasicrystals, and their utility for the analysis of low-energy electron diffraction (LEED) data has been demonstrated for the surface structure of 10-fold d-Al--Co--Ni [2] . That study used theoretical approximants having up to 50 atoms per unit cell [3] to represent the quasicrystalline surface structure. A closer approximation to quasicrystalline Al--Co--Ni is the so-called W-(AlCoNi) approximant, which has 534 atoms per orthorhombic unit cell. An example of this structure occurs near the Co-rich structure in the Al--Co--Ni phase diagram and was the subject of an X-ray diffraction study [4] . This paper presents a LEED analysis using that experimentallydetermined periodic structure as a model for the surface structure of quasicrystalline d-Al--Co--Ni.
Several chemical variants have been proposed for the W phase of Al--Co--Ni [3] . The most stable one has a composition of Al 71.70 Co 20.75 Ni 7.55 which is very close to the crystal studied with X-ray diffraction, Al 71.8 Co 21.1 Ni 7.1 [4] . This composition is close to the Co-rich decagonal phases, and to that of the sample used in this LEED study, Al 73 Co 17 Ni 10 [5] . The structure found using X-ray diffraction is nearly orthorhombic (the b angle was measured to be 90.05 rather than the orthorhombic 90 ) with unit cell lengths of a ¼ 39.668 A, b ¼ 23.392 A and c ¼ 8.158 A [4] . Along the c direction, the structure consists of four planes per unit cell, having alternately flat (A) and buckled (B) atomic structures in an ABA 0 B 0 sequence. These planes correspond to the decagonal planes in the quasicrystal, with A 0 related to A by a translation of half a unit cell length along the a direction, and B related to B 0 by a mirror reflection in the ab plane, i.e. B and B 0 are identical apart from the buckling displacements being in opposite directions. The structures of the A and B planes are shown schematically in Fig. 1 .
The recent ab initio density functional theory (DFT) study of a Ni-rich variant of this W phase [1] motivated us to use it as a structure model in the LEED analysis for this surface. The ab initio study used a variant with a composition Al 70.78 Co 14.61 Ni 14.61 , which is closer to the composition of the quasicrystal used in an earlier X-ray diffraction study [6] , and found that the surface structure is essentially an unrelaxed truncation of the bulk structure, with no energy preference for the A or B termination. 
Computational procedures
Dynamical LEED is a surface sensitive technique that involves the measurement of diffracted intensities as a function of incident beam energy (or, equivalently, as a function of perpendicular momentum transfer, i.e. along the reciprocal lattice rods) and the comparison of those intensities to the calculated intensities for model structures. Typically, the structure of the outermost 3 or 4 layers is determined in a LEED experiment, although the number of structural parameters that can be determined depends on the dataset.
A method for matching the diffraction rods of the quasicrystal surface to periodic structure models was described earlier [2] . The larger unit cell used in the analysis presented here represents a significant increase in required computational resources over the earlier study. The computational time required on the Murska HP CP4000 BL Proliant supercluster in Espoo, Finland for the U phase structure model described below was about 500 times that required for the H1 approximant in the earlier study [2] .
In order to make the calculation tractable, the W-approximant structure was divided into two almost identical parts, similar to the procedure used in the ab initio study [1] . As described above, the A and A 0 layers are identical when shifted a/2 along the x-axis. By eliminating one atom in the A layer and one in the A 0 layer, it is possible to enforce periodicity in each layer along the x-axis with a period a/2. The period of the B-B 0 layers along the x-axis is already a/2. This resulting structural model, called the U approximant [1] , has about half the number of atoms of the W-approximant, with 265 atoms per U unit cell.
The LEED calculations were performed using the Symmetrized Automated Tensor LEED (SATLEED) program [7] . The phase shifts for Al, Ni and Co were calculated using the SATLEED phase shift package [8] and the comparison of calculated and experimental spectra was done with the Pendry R-factor [9] . The experimental data set used in this analysis is the same as that used in the earlier studies [2, 5] and has a total length of 1835 eV.
Results
The initial calculations using the Co-rich U structure model were aimed at determining if there is a preference for the terminating surface plane. Earlier studies of the dAl--Co--Ni surface indicate that the dominant step height is about 2 A, the height of a single layer of the bulk structure [10] [11] [12] . A simple truncation of the bulk U structure with single-layer steps would give equal amounts of A and B terminations. An ion scattering study of quasicrystalline Al 72 Co 16 Ni 12 indicated that the terminating layer is Al-rich (90% Al) relative to the bulk composition [12] , which suggests that the Al-rich B plane (80% Al) of the U model may provide a better representation of the surface layer of the quasicrystal than the Al-poor A plane (64% Al).
The initial positions of the atoms used in the U structure model are based on those determined by the bulk X-ray diffraction study of the Co-rich W phase [4] . The actual starting values used here are the relaxed coordinates from an ab initio study of the periodic Al 71.70 Co 20.75 Ni 7.55 bulk structure [3] , which differ only slightly from the X-ray diffraction coordinates. Using these bulk model coordinates to calculate the LEED spectra, better agreement was obtained for the B (buckled, Al-rich) termination, which gave an R-factor of 0.77 compared to 0.91 for the A (flat, Al-poor) termination. Mixtures of the A and B terminations were also investigated, with a clear preference for an average composition closer to the B termination, shown in Fig. 2 . The preference for the Al-rich termination is consistent with our earlier studies using smallerunit-cell approximants [2] .
Relaxations in the positions of the surface atoms for the B-terminated quasicrystal were introduced in the LEED analysis by first allowing the z-coordinates of the top layer to relax. Lateral displacements were not considered since LEED is relatively insensitive to those. Relaxing the top-layer gives a total of 69 free parameters in the calculation. The resulting displacements from the starting coordinates are all small, with an average of 0.10 A. The interlayer spacing between the first and second layers, measured between the centers of mass of the B layer and the A layer, remains nearly unchanged from the bulk value, with a slight expansion of 0.01 A. The Pendry R-factor for this structure is 0.44. Relaxing the z-coordinates of the top two layers of the model structure results in 134 free parameters, giving 14 eV per parameter. Figure 3 provides a comparison of the best-fit calculated spectra with the experimental spectra, and visual inspection shows that most of the diffraction features present in the experimental spectra are present in the calculated spectra. The results of this relaxation are interlayer spacings that are the same as the bulk spacings. The average intralayer buckling is 0.19 A in the first layer and 0.09 A in the second layer. This additional relaxation gives a best R-factor of 0.29. The R-factors obtained in this analysis are tabulated in Table 1 , the structural results are shown schematically in Fig. 4 . In addition to essentially no average relaxation compared to the bulk structure and relatively modest buckling within the layer, we note that there are some differences in the buckling amplitudes of the Al and TM atoms. In the first layer, the average buckling displacement for the Al atoms from the planes is nearly three times that of the TM atoms. In the first layer, the average buckling amplitude for Al atoms is 0.22 A, compared to 0.08 A for the TM atoms. In the second layer, which would be flat in the bulk structure, the average buckling displacement is about the same for all atom types, 0.10 A for TM atoms compared to 0.08 A for Al atoms.
Discussion and conclusions
The main purpose of this study is to extend our earlier work on the use of periodic approximants in the LEED analysis of quasicrystalline surface structures, and to further our understanding of the consequences of unit cell size on the structural results and on the reliability of the analysis. Table 2 summarizes the results of the analyses of the same LEED data using different periodic structures. All of the results presented in Table 2 were consistent with the surface layer being dense and Al-rich, to the extent that it was permitted in the model.
It seems logical that the best description of the quasicrystal surface structure would be obtained using the largest approximant unit cell possible and relaxing the largest numbers of structural parameters, within the limitations of the experimental dataset. The general rule of thumb is that there should be at least one diffraction feature per parameter. In the experimental dataset, there are about 65 peaks (counting minor ones) and as many dips, giving about 130 diffraction features. This means that in principle, a maximum of 130 parameters can be varied, giving 14 eV per parameter. In practice, it is not easy to tell when the number of parameters is too large. An indication is a structure that has too large or too small distances between neighbors, or too much deviation from the starting model. There are no such indications in the structures listed in Table 2 , even though the H2 and U approximant studies seem to be at the limit of adjustable parameters. The depth and width of the minimum of the Rfactor is another indication, which is reflected in the precisions of the structural parameters. We note that the precisions generally decreased as the number of parameters increased, suggesting the possibility of multiple minima in the parameter space tested.
We have found in these studies that the level of agreement is very dependent on the number of layers that are allowed to buckle in the calculation, with at least two layers required to obtain an R-factor below 0.3, for any structure model. On the other hand, buckling more than 3 layers produced little gain, which is perhaps not too surprising since LEED is mainly probing the top few layers.
In general, the most reliable parameter obtained in most LEED studies of surfaces is the surface relaxation, i.e. the average interlayer spacings perpendicular to the surface. The top layer relaxations obtained for the differ- Table 1 . Pendy R-factors for periodic Al--Co--Ni model structures. The bulk-relaxed structure refers to the coordinates for the relaxed bulk structure on the alloy database [3] . The surface relaxed structures refer to the results of LEED calculations that allow relaxations of the surface layers.
Co-rich W model [3] R-factor ent approximants studied here ranges from À6.4% for the B1 structure to þ3% for the H2 structure. So it would seem that there is no definite result for the relaxation from these studies. In fact, the different approximant models represent quite different local structures. The H1 and H2 models feature pentagons of TM atoms, whereas the B1 is dominated by a decagon structure. Both motifs have been observed in STM studies of the quasicrystal surface [11, 12] . The difference in relaxations observed in the H structures compared to the B structure may be an indication of the different local order that dominates those structures, e.g. the decagon areas may be slightly depressed relative to the TM pentagons. It is interesting that both H1 and B1 models give similar levels of agreement, suggesting that they represent the quasicrystal surface structure equally well, although clearly neither represents it completely. The H1 and H2 models are very similar to each other based on their local order, with the main differences being their sizes and unit cell symmetries. Therefore any difference obtained in the analysis is most likely due to the symmetries within the unit cell and the computational effects resulting from the difference of their unit cell sizes. We note that the largest unit cell gives very little surface relaxation, which is consistent with the ab initio study mentioned earlier [1] . We hasten to add, however, that the ab initio study is a study of the surface of the W approximant, whereas the study described here is using that structure model to interpret diffraction data from an actual quasicrystal.
Bulk
In conclusion, the LEED analysis of the Co-rich d-Al--Co--Ni quasicrystal using the W (or U) approximant model structure indicates that the terminating plane is buckled and Al-rich. The amplitude of the buckling in the surface layer is about twice that of the bulk structure. The degree of surface relaxation of the planes, relative to the bulk structure, is minimal. The surface layer is buckled significantly more than the bulk model structure, with the Al atoms having an average buckling amplitude about twice that of the TM atoms. Even though this model has a large number of parameters, the final R-factor was not better than for the smaller approximants, and the structural precisions were worse. Therefore, for gaining insight into the details of the local structures present at quasicrystal surfaces, approximant models with smaller unit cells may be more useful.
